Abstruct-Measurements of the natural extremely lowfrequency (ELF) radio noise (known as Schumann resonances) in the period 1988-1989 have enabled average atmospheric noise levels and Schumann resonance parameters to be deduced. At 45 Hz, the average measured electric field was 41.6 dB. pV/m. a.
I. INTRODUCTION HE natural ELF (3 Hz
with a frequency increase. This has the consequence that lightning-produced radio noise is of a quasi-continuous nature in the lower ELF band, but becomes impulsive in the upper part of the band where the attenuation exceeds 30 dBNm. The atmospheric noise field penetrates the ground or sea surface, and thus produces a limit to the fields produced by a buried or underwater source that can be detected successfully.
In this work, we are concerned with the development of a signal-to-noise model applied to the case of subsurface vertical and horizontal electric and magnetic dipoles (VED, HED, VMD, and HMD) and horizontal electric quadrupoles (HEQ). Many workers have been concerned with the problem of calculating the radiation from buried or submerged sources, but the interest is usually in computing the fields in air.
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Our interest is in the subsurface fields. The ELF band is particularly relevant in this context because of the relatively low attenuation (or large skin depth) experienced by the waves in conducting media such as sea water.
In general, electromagnetic fields may be calculated from Hertz vectors defined in terms of the Sommerfeld integrals. Usually, these integrals cannot be evaluated analytically, and the fields are thus normally computed numerically. Weaver [l] presents formulas to calculate the fields due to vertical electric and horizontal dipoles in a three-layer medium. FraserSmith et al. [2] considered dipole sources located on the sea floor radiating in an infinitely deep sea. In a series of papers (for example, [3] , [4] ), Bannister presents a series of simple, algebraic formulas to evaluate the fields due to dipoles in twolayer media subject to certain restrictions on the refractive index of the interface between the two semi-infinite layers. Lindell and Alanen [5] - [7] have produced an exact image theory (EIT) for dipoles radiating in a two-layer medium, and the resulting integral expressions are more rapidly convergent than the original Sommerfeld integrals.
Warber and Field have produced a long-wave noise prediction model [8] which predicts atmospheric noise on a global basis in the frequency ranges 50-300 Hz and 10-60 kHz. The model allows for the occurrence rate of lightning flashes as a function of time of day, season, and geographic position. The propagation component of the model makes allowances for the variations of ionospheric parameters and ground conductivity along the propagation path. To date, however, it appears that there are few publications in which the signal-to-noise problem for subsurface communication has been tackled in the Schumann resonance part of the ELF band, i.e., in the range 5-50 Hz.
Since 
Re S is about 1.3 in the Schumann resonance band [17] , and the measured resonant frequencies for the first three modes occur at about 7.8, 14, and 19 Hz.
A. Atmospheric Noise Spectra
to a distribution of VED's (lightning strokes) is given by
Following Galejs [16] , the electric-field power spectrum due where g(iw, 8, 4) is proportional to the squared moment of the source per unit area of the globe's surface, and it is assumed that [ 161
for 8' < 8 < 82 and is zero elsewhere, i.e., the sources are distributed within a range of distances from the observer and do not exhibit a systematic geographical variation in their characteristics. Thus, (5) becomes
L : (2) where GE is the average of experimentally measured electric Schumann spectra and GE is the theoretical value computed -n=O where from (7). The square root of the power spectra has been-used because these are less "spiky" in nature than the power spectra
U is the modal eigenvalue which, in general has to be determined numerically as the root of a transcendental equation. In the equations above, Ids is the current moment of the source VED, i = a, P:,'(-cos8) are Legendre functions of (complex) degree U and order 0, 1, P,! '(cos 8) are the zonal harmonic functions of degree n and order 0, 1, w is the angular frequency, IC = w / c , and S is the sine of the complex angle of incidence of the fields on the ionosphere. These equations are also applicable to the real situation in which the ionospheric boundary is diffuse, but the computation of U is then more involved [16] , [17] .
When the values of O1 and 82 have been estimated from the curve-fitting process, the average theoretical magnetic
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It is computationally advantageous to use the Legendre function P,"> '(-cos 8) representations for the fields rather than sensitivities of each magnetic antenna were measured by a "remote" calibration procedure. This consisted of creating a known magnetic field in the vicinity of each antenna and noting the output response. The known field was produced by the amplified signal from a sine wave oscillator driving a remote calibration coil located some tens of meters from the receiving solenoid. The correction to the computed field for the ground effect was completely negligible as the remote calibration source was located at distances which were very small compared to the skin depth in the ground [21] . A sine wave was chosen for the remote calibration rather than the broad-band signals used for the secondary calibration because the broad-band signals gave a poor signal-to-noise ratio in this case. The midband absolute sensitivity of the magnetic field 1 , employing the zonal harmonics P~~1(cosf3) of (1) and (2). Suitable algorithms for calculating these functions by means of a microcomputer have been described by Jones and Joyce [18] and Jones and Burke [19] . It should be pointed out that this process does not serve to locate the real active thunderstorm centers because at any one time, there are likely to be at least two such large-scale zones centered on specific values of f3 and 4. However, the curve fit does provide an average "theoretical" Schumann spectrum, and enables the magnetic spectrum of atmospheric noise to be computed from measured electric field data.
B. Experimental Observations
A system for recording ELF bursts in the 5 4 5 Hz band is described by Burke and Jones [20] . The system was used to determine the latitude dependence of the attenuation constant in the 5 4 5 Hz band, and the measurements taken have provided information on the variation of Y with frequency. The system was also capable of recording Schumann resonances, and this was carried out on selected days in the period June 1988-August 1989 at two sites in southern England.
A block diagram of the apparatus is given in Fig. 2 . A variant upon a whip antenna in the form of a tripod was used to detect the vertical electric field. Vibration of the antenna in the Earth's natural electrostatic field produced by the wind and movement of naturally occurring space charges produces large, unwanted signals at the lower frequencies. Some degree of this contaminating noise was always present despite the presence of high-pass filters to ameliorate its effects. Because the magnetic field vector lies essentially in the horizontal plane, two antennas, one oriented north-south, the other east-west, serve to define the field. Both the electric and magnetic systems incorporated power-line-frequency and associated harmonics rejection filters.
Great care was taken to calibrate the electric and magnetic field systems accurately. The calibration of the magnetic systems was effected in two stages. A secondary (local) calibration used small coils wound on to the main aerial bobbins. By injecting pulses into these coils and comparing the output of the receiving system with the input signal in the frequency domain using a low-frequency spectrum analyzer (Hewlett Packard, Model 3582A), the frequency response of both magnetic systems could be determined. The absolute systems was about 3 V/nT (measured at the input of the tape recorder).
For the electric-field system, it was not possible to create a uniform electric field about the antenna owing to its size, so a different approach was adopted. First, the frequency response of the electronic system was established by using the spectrum analyzer. For this calibration, the antenna was disconnected, and the system was driven by a signal generator via a 75 pF capacitor dummy antenna to represent the known aerial capacitance. The effective height of the antenna was then determined using transmissions from the 16 kHz Rugby VLF (GBR) station. This was done by comparing the signal voltage received by the electric-field antenna with that obtained using an accurately constructed parallel plate antenna whose effective height was well defined. In this way, the effective height of the tripod antenna was estimated as 1.01 f 0.03 m, and the overall absolute sensitivity of the system was about 7 m (i.e., 7 V/V/m), again measured at the input of the tape recorder.
The atmospheric noise data were recorded on the tape recorder, and later played back through the spectrum analyzer. Each spectrum was recorded over an approximately 10 min interval, the maximum duration that could be set on the analyzer.
The recorded magnetic spectra were generally more contaminated by narrow-band noise of local origin than were the electric, except at the lowest frequencies, so the better quality electric spectra have been used in the curve-fitting process. Fig. 3 shows an example of a single electric Schumann spectrum. Resonances can be clearly observed at about 14, 19, and 26 Hz; however, the first-order resonance is obscured by the low-frequency noise referred to above. The average of some 27 such spectra is illustrated in Fig. 4 . Again, the first-order mode at about 8 Hz is obscured by low-frequency noise. Evidence of resonances at about 14, 19, 26, and 32 Hz can be seen. There are some indications of a mode at 38 Hz corresponding to the sixth-order resonance. The large spike at 50 Hz is due to power-line-frequency transmissions. The resonance peaks and valleys are still "spiky" despite the averaging process, and this reflects the very spiky nature of the original spectra. This is compounded by the fact that not all of the whole 27 spectra could be averaged for every resonance mode. Particular problems were experienced with the second mode (14 Hz) where a local interference source operating at a center frequency of 16 Hz often contaminated the resonance. that the lower estimates of the LNP most closely match our measured electric-field noise values. In Fig. 5 , a theoretical fit to the average spectrum has been carried out using the methods described above. The curve fit was made in the range 1 1 4 3 Hz. In general, the fit is good, except at the higher frequencies where the measured data become noisy. This is reflected in the behavior of the residuals r = JG -Jm, i.e., the difference between the observed and fitted spectra. These residuals are plotted as a function of frequency in Fig. 6 , and it can be seen that increasing amounts of scatter occur at higher frequency.
C. Effect of Natural Noise on Subsu$ace Communication Systems
Our principal interest is the computation of noise fields in a sea of depth d. However, the formation applies equally to other three-layer stratified media. In the immediate vicinity of the observer, the Schumann resonance noise field in the air-space produced by distant sources can be regarded as arising from four propagating plane waves. Two wave fields arise from short-path and long-path propagation around the globe. One of these corresponds to a wave that has traveled from the thunderstorm center to the observation point via the short great-circle path, and the other has traveled on the long greatcircle path (being the "around-the-world" signal). These two wave systems are needed to represent the Schumann resonance effect. For each of these, there is a downgoing wave (produced by ionospheric reflections) which is incident upon the surface of the ground (or sea) at a complex angle (the waveguidemode eigenangle) whose sine is X / k l , and an upgoing wave (produced by ground reflection). Note that the symbol "A" here is Sommerfeld's variable and not the wavelength.
The local fields are defined in a Cartesian coordinate system (x, y, z ) in which z = 0 is the sea surface, z is directed downwards, and x = a0 with 0 being as defined previously-see Fig. 7 . In this system, we assume that the magnetic field in the air only has a y component. The total magnetic field corresponding to that which would be measured at the Earth's surface is then represented as the sum of the short-path and the long-path contributions as follows:
with (1 1) (12) where a1 and U: are the (unknown) incident field amplitudes and r is the effective reflection coefficient of the ground, which includes a contribution arising from the lower interface. It can be shown that the total electric and magnetic atmospheric noise fields (E, H ) in the sea can be expressed in terms of the measured noise field in the air-space H$ by H Yl --a l e -i x x e -u I x (1 + reaulr) ~k~ = aieixxe-ulz(l + re2ulx)
and
The coefficients A and B in (13) and (14) are found straightforwardly by application of the usual boundary conditions at the air-sea ( z = 0) and the sea-seabed ( z = d ) interfaces.
The result is
Ex2 << Ex2. In (11)- (16),
u j = 4 x 2 -k;
For the air-space j = 1, j = 2, 3 for the sea and seabed, respectively, and Ri3 is the reflection coefficient of the lower interface for vertically polarized waves. Values of S as a function of frequency are obtained from (3) using the known variation of the of the model eigenvalue v with frequency [20] . Note that it is not necessary to know the two incident field amplitudes a1 and ai to compute the total field in the sea. 
THE FIELDS PRODUCED IN THE S E A DUE TO SUBMERGED SOURCES
The fields produced by submerged VED and HED sources have been described by Burke and Jones [22] . The fields due to the corresponding VMD and HMD can be obtained from those of the electric dipoles by making the substitutions described in the Appendix. Here, we are also interested in horizontal electric quadrupole (HEQ) sources. The quadrupole moment of an electric quadrupole is a second rank tensor; six different configurations exist with the quadrupole moments designated M: with ij = xx, xy, xz, yy, yz, or zz. We consider the "zx" HEQ which consists of two HED's of current moment Ids located "end to end," one in the +x direction and the other in the -x direction. If the separation of the dipoles is Ax and if V is any potential or field component at the point The fields have been calculated at the points (30, 30, 6) , (35, 35, 6) , (40,40,6), and (50,50,6 ). The broken curve shows the estimated natural Schumann noise at that depth [computed from the data of Fig. 5 and (13) ] assuming the receiver to have a 1 Hz bandwidth. The effects of the noise on the communication system depends, of course, on the noise bandwidth of the receiver, but can readily be computed from the data presented for various receiver bandwidths. For comparison, Fig. 9 shows the corresponding data for a VED source with a current moment of 0.3 A.m at the same values of the range. An obvious feature of the fields produced by both sources is that for a given source-observer separation (or range), the field values stay approximately constant as the frequency increases. At first sight, this may seem contrary to that which is expected. Considering a dipole in an infinite medium, as the frequency increases, the skin depth decreases so, at a given distance from the source, the fields at the higher frequencies are expected to decrease. At 50 Hz, the skin depth in seawater is 36 m, so this effect could be expected to be evident in the data presented here. However, in electrically shallow seas, the effect of the two interfaces is to give rise to two lateral waves guided by the interfaces. The infinitemedium field is then termed the primary field and the lateral waves the secondary field. It is this secondary field, increasing with a frequency increase, which, in the examples above, counteracts the effect of the decreasing primary field so that the total field is very nearly constant over this frequency band.
IV. CONCLUSIONS
Measurements of the natural electromagnetic noise field in the lower ELF band called Schumann resonances have enabled estimates to be made of the natural noise at any depth in seawater. This, combined with the numerical evaluation of Sommerfeld integrals, has enabled a signal-to-noise model for ELF propagation in seawater for VED, HED, VMD, HMD, and HEQ sources to be produced.
APPENDIX
It follows from the symmetry in Maxwell's equations that the field expressions for magnetic dipole sources can be obtained from those obtained previously for the electric sources (Burke and Jones [22] ). This is achieved by making the following substitutions in the VED and HED field equations: where I d s is the current moment of the electric dipole, Ida is that of the magnetic dipole, and R,, and RLn are the reflection coefficients of the interfaces for horizontal and vertical polarizations, respectively.
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